The multiple-photon excitation (MPE) of CF3Br has been studied in strictly collisionless conditions by means of the molecular beam optothermal technique. The MPE spectrum shows strong structures which have been attributed to different orders of multiple-photon resonances. The experimental results have been compared with an available theoretical calculation based on the "heat-bath feed-back" model. The effect of the rotational population and of the vibrationally excited "hot bands" on the MPE yield is discussed.
INTRODUCTION
Several different experimental techniques have been developed in recent years for investigating the collisionless multiple-photon infrared excitation (MPE) of polyatomic molecules. The simplest experimental arrangement is based on a cell containing the sample gas. The absorption cross-section is obtained by the measurement of the laser transmission through the cell.
The sensitivity of such MPE cell measurements may be markedly increased by means of the Optoacoustic method. 2'3 In this technique, a microphonic signal is produced by the sound waves generated in the cell by the V-T relaxation of the laser excited molecules. The Optoacoustic method has become very popular because of its simplicity and efficiency. Furthermore, such measurements are only Work supported, in part, by the Italian National Research Council (CNR-GNSM). slightly affected by the instabilities of the laser pulse and therefore the experiments can be carried out even at small laser attenuations. The results of an Opto-Thermal experiment give the average number of photons absorbed by each molecule.
A more detailed diagnostic of the molecular population after the laser irradiation may be obtained by time resolved two laser experiments. Both infrared-infrared [4] [5] [6] and infrared-Raman double resonance measurements [7] [8] [9] have been reported in the literature. These studies have given information about the distribution of vibrational states and the relaxation phenomena.
Information about the multiple-photon excitation have been also obtained from fluorescence experiments. Both collision induced infrared fluorescence and reaction induced fluorescence TM have been successfully applied to MPE investigations. The major problems encountered in cell experiments arise from the presence of collision induced relaxation phenomena. 3 True collisionless conditions may be achieved only by choosing carefully the cell pressure and the laser pulse length 4 in order to avoid any appreciable molecular relaxation during the laser pulse. In fact, experiments carried out with picosecond lasers have demonstrated the existence of relaxation processes with time constants of the order of few nanoseconds-torr. 4 Therefore, cell experiments carried out at presssures around torr and with conventional 100 ns pulsed lasers cannot be considered strictly collisionless.
The collision induced relaxation phenomena may be dramatically reduced by replacing the gas cell with an unskimmed free jet or with a supersonic molecular beam. In the first case the molecules may experience some residual collisions especially when the illuminated region is set very close to the source nozzle. The free jet method has become very popular for spectroscopic applications because of the recent development of simple and efficient pulsed molecular beam 15 sources.
Several spectroscopic methods have been used on free jets or molecular beams for investigating the multiple-photon excitation of polyatomic molecules. The laser induced fluorescence (LIF) is one of the more interesting methods. It can give detailed information about the distribution of states after the laser irradiation. 6 Unfortunately, wide application of this method has been limited so far by the lack of suitable laser sources. Recently two interesting free jet studies have reported the application of Stimulated Raman Spectroscopy 7 and infrared diode laser absorption spectroscopy t8 for investigating the MPE of SF 6. Both these experiments have deomonstrated the strong dependence of the multiple-photon excitation on the initial rotational state of the molecules.
A diilerent molecular beam method, which is based on the Opto-Thermal technique, 19 '2 has been developed 2-25 in the past few years. The basic idea of the method is to measure the energy absorbed by the molecular beam by means of a fast superconducting bolometer. The result of the measurements is the average number of photons absorbed by each molecule. The analogy between the Opto-Thermal and the Optoacoustic methods is straightforward. The major difference is that, in the first case, the experimental results are strictly collisionless, independently from the laser conditions. In this paper we present the results of molecular beam Opto-Thermal experiments aimed at investigating the multiple-photon excitation of CFaBr. Several papers describing the multiple-photon dissociation (MPD) of this molecule have appeared in the literature during the last few years. [26] [27] [28] [29] [30] [31] [32] A recent molecular beam study 32 has shown the existence of strong structures in the MPD spectrum which have been attributed to two and three photon resonances.
The MPE spectrum has been recently calculated by Capitelli and coworkers 33 who compared the theoretical calculations with the results of an Optoacoustic cell measurement. Strong differences between theory and experiment have been shown. Our collisionless results show a much better agreement with the theory. We have studied in detail the effects of the laser fluence and of the initial state of the molecules on the multiple-photon excitation yield. Two strong structures of the MPE spectrum have been identified around about 1081 and 1084cm-1. The existence of another structure placed near 1075 cmis discussed.
EXPERIMENTAL
The experimental apparatus, shown schematically in Figure 1 regulated with an accuracy of +0.1 K by means of liquid nitrogen and an electric heater. The temperature may range from 100 to 400 K.
The two vacuum chambers are connected through a conical skimmer which samples the core of the jet expansion. The second chamber contains a liquid helium cryostat on the bottom of which the superconducting bolometer is mounted. It consists of a thin layer of tin which is temperature stabilized around the center of its superconducting transition at 3.7 K. The liquid helium bath is pumped below the He A-point to reduce thermal fluctuations of the cryostat. The operating temperature of the bolometer is regulated by means of an electric heater. 23 When the molecular beam impinges on the bolometer a small change of temperature is produced. This change is proportional to the molecular beam power and may be detected as a change of the bolometric resistance. The bolometric signal is amplified by a wideband transformer and by a low-noise amplifier. A mechanical beam chopper and a beam flag are used for measuring the beam intensity by means of the conventional lock-in method.
The infrared source is a line-tunable Lumonics TEA-820 CO2 laser which produces 2 J pulses with a maximum repetition rate of 20 Hz. The laser energy and wavelength are measured with, respectively, a Scientech power meter (model 38-0102) and a spectrum analyzer. The laser light is vertically polarized and the intensity of the different laser lines is equalized by means of a variable attenuator. The laser beam is focused on the molecular beam by a cylindrical lens (focal length 30 cm). The laser fluence experienced by the molecules is varied by changing the lens position. Several optical baffles are inserted into the vacuum chamber to prevent the diffused laser light from reaching the bolometric detector.
A typical opto-thermal measurement is carried out using a continuous molecular beam and detecting by means of the fast detector the bunch of excited molecules which are produced by each laser pulse. Two checks have been made in order to be sure that the measurements are free from systematic errors. The first one is carried out to exclude the presence in the beam of dimers or clusters which may undergo vibrational predissociation after laser irradiation, 2 and therefore affect our experiment. The other source of error may be due to the natural infrared fluorescence of the excited molecules. Measurements with different times of flight between the illuminated region and the detector show that this effect is negligible in our experimental conditions. An example ofbolometric signal is shown in Figure 2 . The horizontal scale gives the time of flight of the molecules. Its origin coincides with the laser pulse. One of the main advantages of the fast bolometer is that it makes possible to separate in time the spurious signals, originating from the laser discharge and the diffused radiation, from the true signal produced by the vibrationally excited molecules. This last signal is extracted from the random noise by means of a micro-computer based signal averager. 34 The same micro-computer is used for analyzing the averaged signal which may be directly related to the velocity distribution of the molecule. A fit of the experimental data is shown in Figure 2 is equal to the translational one. This assumption is not too crude for large molecules for which the rotational constants are low. Anyhow, the contribution of the rotational specific heat to the molecular enthalpy is small in our molecular beam conditions and consequently our assumption does not affect too much the calculated value of Tvib. A much more drastic approximation is due to the assumption of a single vibrational temperature. Recent measurements carried out by Reuss and co-workers 35 have demonstrated the existence of strongly mode dependent vibrational temperatures in a molecular beam of CF3Br. Nevertheless in our experiment the vibrational relaxation in the beam expansion is quite small, because our beam source is operated at the low constant pressure of 350 mbar. For this reason we expect that the differences between the different modes are less dramatic than in the results of Ref. 35. In any case our value of Tvib must be considered as an average over the normal vibrational modes of the molecule. The results of the signal analysis and of the enthalpy balance are shown in Figure 3 for different temperatures of the molecular beam source. The information about the average number of photons absorbed by each molecule is obtained by integrating the detector signal. Details about the methods used for data reduction may be found in Refs. 21 and 24.
THE MULTIPLE-PHOTON EXCITATION OF CFaBr
CF3Br is a symmetric-top molecule without a centre of inversion. It has six vibrational modes, three of which are doubly degenerate. The spectroscopic constants of CFaBr may be found in Ref. 35 and references therein. The /]1 mode which corresponds to the C-F stretch has an absorption band which lies in the R branch of the 9.6 Im band of the CO2 laser.
The MPE spectrum of CFaBr is shown in Figure 4 before the laser irradiation are given in Figure 3 . The MPE spectrum is characterized by a well defined two peaks structure. The peak around 1084 cm -1 lies near to the centre of the /1 linear absorption spectrum and the second one is placed around 1081 em-l. There are two possible explanations of the second peak. First of all a two-photon process in the transition Vl-2 *--Vl 0 may give rise to such structure because the distance between the two peaks corresponds to the expected anharmonic shift between the single and the two-photon transitions (Xll---3.4 cm -36). On the other hand the position of this peak is near to the expected maximum of the P-branch of the single-photon absorption spectrum. This effect has been previously observed by Reuss and co-workers 35 who have recently reported the results of a free jet study aimed to study the collision-assisted excitation of CFaBr by means of a C.W. low power CO2 laser. In this experiment the laser has been focused very close to the supersonic nozzle and the vibrational excitation of CFaBr has been monitored by means of the Raman probe.
The absorption spectrum shows two peaks at 1080 and 1085 cmwhich have been attributed respectively to the P and Q branches of the linear spectrum.
These results cannot be compared with our data because the spectrum reported in Ref. 35 has been obtained under different experimental conditions. In fact Reuss investigated a collision-assisted phenomenon at a rotational temperature of about 100 K. In our conditions ( Figure 4 ) the rotational temperature has been estimated to be about 24 K and the photon-molecule interaction is strictly collisionless. At such a low rotational temperature the maximum of the P branch is expected to be around 1082.6 cm-1. Even taking into account that our estimation of the rotational temperature may be affected by a consistent systematic error the separation between the observed peak and the position of the P branch maximum seems to be significant. This point may be further clarified by considering the fluence dependence of our spectra. At the lowest fluence (0.1 J cm-2) the two peaks have roughly the same intensity while as the fluence increases the 1081 cmpeak grows faster. This is a hint that the absorption mechanisms of the two peaks are different and suggests that the 1081 cm -1 peak is more likely due to a two-photon transition. Figure 5 shows similar measurements carried out at a higher source temperature (398 K). These spectra look very different from those of a much higher absorption is observed when the source temperature is higher. This low-frequency absorption enhancement changes the shape and the position of the maximum which is significantly shifted. This behaviour may be explained taking into account that the contribution due to the presence of hot bands becomes more and more important at higher temperatures. Furthermore also the beam rotational temperature varies significantly (see Figure 3 ) giving another contribution to the change of the spectrum. From the point of view of the relative intensities it is interesting to note that the ratio between the low and the high frequency maxima increases as a function of the laser fluence, confirming the behaviour observed in Figure 4 . The temperature dependence of the MPE spectrum is shown in Figure 6 . The three sets of data h'ave been obtained at the same laser fluence (0.75 J cm-2) for three different source temperatures. In the same figure is also drawn the result of a theoretical calculation by Capitelli and co-workers. 33 The theoretical calculations have been carried out by a numerical analysis based on the "heat-bath feed-back" model. 37'38 They calculated the multiple-photon excitation of the molecule as a solution of Bloch equations for the first four discrete levels and of the incoherent master equations for the so-called quasicontinuum. A relaxation time T2 term was included into the model to take into account the irttramolecular dephasing processes. The theoretical spectrum shows four distinct peaks at 1084.7, 1081.4, 1078 and 1074.7 cm-l. They are associated respectively with one, two, three and four photon resonances.
A comparison between this theory and our experimental results confirms the above mentioned assignment of the one and two-photon peaks. The theoretical three-photon peak falls between two adjacent CO2 laser lines, and cannot be measured with our present experimental set-up. The highest temperature experimental data show also a feature corresponding to the expected four-photon resonance. The 1074.7 cmpeak can be attributed to both a four-photon v 4 -v 0 transition and a two-photon , 3 --, transition of thermally excited molecules. 33 We do not have enough information to assign the observed peak to a well defined transition but high source temperature data suggest that it is more likely to be due to a two-photon hot transition.
A comparison ofthe theoretical and experimental spectral intensities shows two major ditierences. The low-frequency part of the experimental spectrum is much more intense while the part on the highfrequency side is lower than the theoretical predictions. These effects may be explained taking into account that the theory does not include the contributions arising from the rotational states and from the vibrationally excited "hot bands". The thermal behaviour of our experimental data suggests that both these contributions are important.
The analysis of the absorption intensities shows that the average number of photons (N) absorbed by each molecule is quite low even at laser fluences near to the dissociation threshold.
The comparison of our data with a room temperature cell MPE experiment (see Figure 6 ) has shown that the molecular beam MPE yield is at least a factor of l0 less than in the cell. This result is not surprising because a multiple-photon dissociation cell experiment 29 has shown that dissociation yield of CFaBr is consistently increased when the cell pressure is raised from 0.1 to torr.
The ditterences between our data and those of Ref. 33 may be attributed both to the absence of collisions and to the cooling of the ro-vibrational population which characterizes molecular beam experiments. The small value of (N) and its behaviour as a function of the laser fluence may be explained assuming that most of the molecules are bottlenecked into the ground and the Vl vibrational state. Only a small fraction of molecules is excited to the quasi continuum and their contribution to the "average excitation" (N) is of the same order of magnitude of the v *--v 0 single-photon absorption. In order to further clarify this point it should be interesting to measure the vibrational population of the molecules after a strictly collisionless multiple-photon excitation. Unfortunately the sensitivity of the presently available probe techniques is not sufficient to carry out this measurement with low density molecular beams.
CONCLUSIONS
The multiple-photon excitation of trifluorobromomethane has been investigated under strictly collisionless conditions by means of a molecular beam opto-thermal experiment. The molecules have been prepared in ro-vibrational distributions very different from those of conventional cell experiments and the ettect of the initial distribution on the MPE yield has been studied in detail. The MPE spectrum shows strong structures which have been attributed to different orders of multiple-photon resonances. The comparison of our experimental data with an available theoretical calculation confirms these assignments and shows a strong effect due to the presence of vibrationally excited "hot band" and to the residual rotational excitation of the beam.
Further advances in molecular beam MPE spectroscopy may be achieved by using continuously tunable CO2 lasers, which are needed for investigating narrow resonance structures in the spectrum. From the theoretical point of view an effort should be devoted to extend the available "heat-bath feed-back" model to the realistic molecular beam conditions. This should be possible because the molecular beam rotational temperature is reasonably low and therefore the computer time needed to carry out such a calculation should be much smaller than for the conditions of cell experiments.
